1. Introduction {#sec1-materials-10-00862}
===============

Solids can be categorized into metals and insulators according to their electrical resistivity at zero temperature, i.e., metals have finite resistivity, while that of insulators diverges. According to the conventional band theory, insulating or metallic behavior depends on whether the energy bands of the solid are fully or partially filled \[[@B1-materials-10-00862]\]. However, many transition-metal oxides (such as NiO) with a partially filled *d*-band were found to be good insulators \[[@B2-materials-10-00862]\]. N.F. Mott explained this phenomenon by including interactions between electrons, whereby the valence electrons in the partially filled *d* band are forced to stay on the lattice sites due to the strong Coulomb interactions \[[@B3-materials-10-00862],[@B4-materials-10-00862],[@B5-materials-10-00862]\]. By doping or applying pressure, a metal--insulator transition (MIT) can occur in Mott systems. A different mechanism for electronically driven MITs was proposed by P. W. Anderson, who emphasized the role of disorder in inducing electron localization \[[@B6-materials-10-00862],[@B7-materials-10-00862],[@B8-materials-10-00862]\]. Although the two concepts are rather different, in many systems, it is difficult to disentangle the effects of electron correlation and disorder. For example, in doped semiconductors, such as phosphorus doped silicon \[[@B9-materials-10-00862],[@B10-materials-10-00862],[@B11-materials-10-00862]\], correlation effects are important as the increasing charge carrier density reduces the ratio between electron-correlation and Fermi energy, triggering an insulator-to-metal transition. However, the effects of disorder cannot be neglected, because the dopants are arranged randomly on the lattice sites of silicon. Recently, compelling evidence for purely disorder-driven MIT has been obtained in crystalline phase change materials (PCMs) from both experiments \[[@B12-materials-10-00862],[@B13-materials-10-00862],[@B14-materials-10-00862]\] and simulations \[[@B15-materials-10-00862],[@B16-materials-10-00862],[@B17-materials-10-00862]\]. In this work, we will give a comprehensive review of this active research area.

Phase change materials (PCMs) are a special group of chalcogenides with a peculiar combination of physical properties that have a variety of important applications in non-volatile electronic, optical and photonic data storage devices \[[@B18-materials-10-00862],[@B19-materials-10-00862],[@B20-materials-10-00862],[@B21-materials-10-00862],[@B22-materials-10-00862],[@B23-materials-10-00862]\], memristors and processors \[[@B24-materials-10-00862],[@B25-materials-10-00862],[@B26-materials-10-00862],[@B27-materials-10-00862],[@B28-materials-10-00862]\], spintronics \[[@B29-materials-10-00862],[@B30-materials-10-00862],[@B31-materials-10-00862],[@B32-materials-10-00862],[@B33-materials-10-00862]\], display and data visualization applications \[[@B34-materials-10-00862]\], and so on. PCMs can undergo rapid and reversible phase transitions between an amorphous and a crystalline phase upon heating. The significant difference in electrical and optical properties allows to encode digital information \[[@B18-materials-10-00862],[@B35-materials-10-00862],[@B36-materials-10-00862]\]. The most widely used and studied phase change materials are GeSbTe compounds along the pseudo-binary GeTe-Sb~2~Te~3~ line \[[@B37-materials-10-00862],[@B38-materials-10-00862],[@B39-materials-10-00862]\]. Electron--electron correlation effects are shown to be weak in PCMs owing to the special bonding mechanism, i.e., resonant bonding, which results in high dielectric constants \[[@B40-materials-10-00862],[@B41-materials-10-00862]\]. On the other hand, a significant amount of atomic disorder is present in GeSbTe compounds \[[@B38-materials-10-00862],[@B42-materials-10-00862]\], and plays an essential role in shaping their electronic properties. By tuning the disorder in crystalline GeSbTe compounds, the electrical resistance can vary by three orders of magnitude at room temperature. Combined with another three orders of magnitude resistance difference with respect to the amorphous phase, the resistance window is sufficiently large to enable multi-level data storage, which could lead to a drastic increase in data storage density.

2. Discussions {#sec2-materials-10-00862}
==============

2.1. Atomic Disorder in GST Crystals {#sec2dot1-materials-10-00862}
------------------------------------

GeSbTe alloys form a special cubic rocksalt structure upon rapid crystallization from the amorphous phase, in which the anion-like sublattice is taken by Te atoms, while the cation-like sublattice is occupied by Ge, Sb atoms and atomic vacancies in a random fashion \[[@B38-materials-10-00862],[@B43-materials-10-00862],[@B44-materials-10-00862]\]. Although this phase is metastable, it can be robust at room temperature for decades, and plays an important role in phase change memory devices. Stoichiometric GST compounds locate in the GeTe-Sb~2~Te~3~ pseudo-binary line, i.e., (GeTe)*~m~*(Sb~2~Te~3~)*~n~*, and the most studied and used compounds include Ge~1~Sb~2~Te~4~ (*m* = 1, *n* = 1), Ge~2~Sb~2~Te~5~ (*m* = 2, *n* = 1), Ge~8~Sb~2~Te~11~ (*m* = 8, *n* = 1). In [Figure 1](#materials-10-00862-f001){ref-type="fig"}a, Ge~1~Sb~2~Te~4~ is shown (we denote Ge~1~Sb~2~Te~4~ as GST starting from now on). Ge, Sb and Te atoms are rendered with grey, yellow and green spheres, while atomic vacancies are rendered with hollow circles. Clearly, the concentration of atomic vacancies is huge, e.g., 12.5% for Ge~1~Sb~2~Te~4~, which is several orders of magnitude larger than that in other semiconductors, such as silicon.

Why such huge amount of vacancies can be present in GST crystals? This question was answered by Density Functional Theory (DFT) simulations \[[@B46-materials-10-00862],[@B47-materials-10-00862],[@B48-materials-10-00862]\] and quantum chemistry bonding analysis \[[@B49-materials-10-00862]\]. In Ref. \[[@B45-materials-10-00862]\], a hypothetical rocksalt Ge~2~Sb~2~Te~4~ alloy was modeled, as shown in [Figure 1](#materials-10-00862-f001){ref-type="fig"}c. The formation energy of atomic vacancies is negative, \~−0.5 eV, indicating that the system is stabilized upon forming vacancies. This is in striking difference with silicon, where the formation of vacancies is quite unfavorable, 3.3 eV \[[@B50-materials-10-00862]\]. The crystal orbital Hamilton population (COHP) bonding analysis \[[@B49-materials-10-00862],[@B51-materials-10-00862],[@B52-materials-10-00862],[@B53-materials-10-00862]\] provides a deeper understanding of this unconventional behavior in GST crystals. This method dissects the electronic structure into bonding and antibonding interactions. A high antibonding contribution at the Fermi level *E~F~* indicates that the system has chemical instability. In certain cases, such unfavorable interaction would result in a complete collapse of the crystal lattice \[[@B54-materials-10-00862],[@B55-materials-10-00862]\]. The comparison between rocksalt Ge~1~Sb~2~Te~4~ and Ge~2~Sb~2~Te~4~ is shown in [Figure 1](#materials-10-00862-f001){ref-type="fig"}b,d. Significant antibonding interactions (--COHP \< 0) are present at the *E~F~* of Ge~2~Sb~2~Te~4~, which are completely removed when 12.5% Ge atoms are made into vacancies. This is because removing the Ge atoms decreases the number of electrons, thus pushing the *E~F~*downward, away from the unfavorable bonding region. Although some antibonding interactions remain in Ge~1~Sb~2~Te~4~ right below the *E~F~*, they do not affect the stability of the compound significantly. In fact, this behavior is constantly observed in phase change materials, such as other GST compounds and their binary parent compounds, GeTe \[[@B56-materials-10-00862],[@B57-materials-10-00862]\] and Sb~2~Te~3~ \[[@B58-materials-10-00862]\].

It is known that the high amount of vacancies, Ge and Sb atoms are randomly distributed on the cation-like sublattice. N. Yamada and co-workers firstly proposed such disordered rocksalt structure based on X-ray diffraction (XRD) data \[[@B38-materials-10-00862],[@B43-materials-10-00862],[@B44-materials-10-00862]\]. This structure was later corroborated by transmission electron microscopy experiments \[[@B42-materials-10-00862],[@B59-materials-10-00862]\]. In Ref. \[[@B42-materials-10-00862]\], B. Zhang et al. studied the structural properties of rocksalt Ge~2~Sb~2~Te~5~ thin films comprehensively using the spherical aberration corrected (Cs-corrected) high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and the energy-dispersive X-ray (EDX) mapping experiments, as shown in [Figure 2](#materials-10-00862-f002){ref-type="fig"}. Such method has shown to have promising capability in elucidating the crystal structures and defects of crystalline chalcogenides \[[@B60-materials-10-00862],[@B61-materials-10-00862],[@B62-materials-10-00862]\]. Several crystallographic orientations were measured, and the obtained lattice parameter \~6.0 Å is in good agreement with previous XRD data \[[@B43-materials-10-00862]\]. The spots in [Figure 2](#materials-10-00862-f002){ref-type="fig"}a correspond to the contribution of the whole atomic columns along the viewing direction, and the brightness of each spot is roughly proportional to Z^2^ \[[@B63-materials-10-00862]\], where Z represents the average atomic number of the atomic column (here, Ge 32, Sb 51, Te 52, vacancy 0). Imaging along the \[110\] or \[211\] directions can well distinguish the anion-like sublattice from the cation-like one, where the former one shows uniform and bright spots, suggesting the full occupation of the heavier element Te, while the latter one displays varying brightness, suggesting high randomness in the cation-like sublattice. Direct observations of elemental distributions at the atomic level unambiguously clarify the presence and random occupation of atomic vacancies, as shown in [Figure 2](#materials-10-00862-f002){ref-type="fig"}b,c. The two sets of EDX mappings were made on different parts of the same sample, and in [Figure 2](#materials-10-00862-f002){ref-type="fig"}b, the three dashed cyan circles clearly mark out the presence of vacancies, as both Ge and Sb signals are weak. These three vacancy enriched atomic columns indicate some trend for vacancy ordering as the sample was further annealed after recrystallization, while the vacancies in other parts of the same sample still remain randomly distributed. Overall, this elemental-resolved atomic imaging experiment confirmed the disordered rocksalt structure proposed by N. Yamada and coworkers.

The presence of vacancies and compositional disorder in rocksalt GST crystals also induces distortions around the ideal lattice sites \[[@B26-materials-10-00862],[@B64-materials-10-00862]\]; indeed, DFT simulations show that the average distortion is \~0.18 Å in rocksalt Ge~1~Sb~2~Te~4~ at zero temperature \[[@B45-materials-10-00862],[@B65-materials-10-00862]\].

The stable crystalline phase of GST is a hexagonal structure with atomic blocks of various size held together by van der Waals (vdW) forces \[[@B68-materials-10-00862],[@B69-materials-10-00862],[@B70-materials-10-00862],[@B71-materials-10-00862]\]. Atoms take three special positions in the *xy* plane, i.e., A = (0, 0), B = (1/3, 2/3), and C = (2/3, 1/3). The atomic blocks of Ge~1~Sb~2~Te~4~ and Ge~2~Sb~2~Te~5~ are made of 7 and 9 alternating Ge/Sb and Te layers, respectively. The blocks are terminated with Te layers, and the adjacent two Te layers are weakly coupled by vdW forces. The atomic structure of hexagonal Ge~1~Sb~2~Te~4~ is shown in [Figure 3](#materials-10-00862-f003){ref-type="fig"}a. The periodicity of the structure is 21 atomic layers along the *z* direction. Regarding the *xy* plane, it is evidenced by both X-ray diffraction and transmission electron microscopy experiments that chemical disorder could be present in the cation-like layers \[[@B66-materials-10-00862],[@B67-materials-10-00862]\], see STEM-HAADF images in [Figure 3](#materials-10-00862-f003){ref-type="fig"}b,c. If there is no chemical disorder, two cationic-like layers should have the same brightness as the Te layers, as the atomic number of Sb (51) is very close to that of Te (52). Other possible forms of disorder in hexagonal GST include stacking faults, twinning and vacancy layer intersections, antisites and so on \[[@B72-materials-10-00862],[@B73-materials-10-00862],[@B74-materials-10-00862]\].

2.2. Disorder-Induced Electron Localization {#sec2dot2-materials-10-00862}
-------------------------------------------

What are the effects of the high amount of disorder present in GST crystals, in particular to the electrical properties? This question was thoroughly addressed by electrical transport experiments in Ref. \[[@B12-materials-10-00862]\], in which T. Siegrist et al. measured the sheet resistance of GST thin films annealed at different temperatures. The as-deposited GST thin film was amorphous, and the resistance at room temperature was measured to be very high, while upon heating at 150 °C, the resistance dropped drastically, as the film crystallized into the rocksalt phase, see [Figure 4](#materials-10-00862-f004){ref-type="fig"}a. The pronounced electrical resistance contrast between the amorphous and rocksalt state can be utilized to encode digital data as "0" and "1", and this is the mechanism that has been exploited in conventional phase change memory devices. However, it was found that upon further thermal annealing at even higher temperatures, the room temperature resistance would further reduce but in a continuous manner. For the GST annealed at 325 °C, the sheet resistance was roughly three orders of magnitude smaller than that annealed 150 °C, and could be clearly identified as a third logic state "2". The multi-level resistance states achieved within one memory cell could enable multi-level data storage, which could increase the storage density dramatically.

The temperature coefficient of resistivity (TCR) is an important indicator of the transport properties, with negative slope (d*ρ*/d*T* \< 0) representing insulating behavior while positive slope representing (d*ρ*/d*T* \> 0) metallic behavior. To further clarify the transport properties, the low temperature resistivity was measured in Ref. \[[@B12-materials-10-00862]\]. Close to zero temperature, the resistivity of insulating solids diverges, while that of metallic solids reaches a finite value. The transport data presented in [Figure 4](#materials-10-00862-f004){ref-type="fig"} clearly distinguish the insulating rocksalt GST (annealed at 150 °C) from the metallic hexagonal GST (annealed at 300 °C). Both rocksalt and hexagonal GST are found to be p-type semiconducting, which stems from the presence of non-stoichiometric excess vacancies on the cation-like sublattice. The concentration of these excess vacancies corresponds to approximately 1 Ge or Sb vacancy out of 1000 atoms \[[@B75-materials-10-00862],[@B76-materials-10-00862],[@B77-materials-10-00862]\], which accounts for the high carrier concentration \~10^20^ cm^−3^ measured in the crystalline GST thin films \[[@B12-materials-10-00862]\] (It is noted that these excess vacancies at concentration \~0.1% are different from the intrinsic atomic vacancies that we discussed before.) In fact, no big change of the concentration of excess vacancies, and thereby the carrier concentration, was found upon thermal annealing. Thus another mechanism has to account for the huge resistance change. Instead, the carrier mobility measured by Hall and van der Pauw experiments showed an increase over 100 times upon annealing, and is therefore responsible for the pronounced contrast in electrical resistance and the MIT. The van der Pauw and Hall measurements also determined that the electron mean free path of the insulating samples was of the order of 10 Å. \[[@B12-materials-10-00862]\]. Since this value is much smaller than the grain size of the crystalline samples, \~100--200 Å \[[@B44-materials-10-00862]\], the scattering of electrons should be attributed to an intra-grain mechanism. In GST, the electron-correlation effects are weak due to the high static dielectric constant of 98, which stems from the alignment of directional p orbitals, forming resonant bonding \[[@B40-materials-10-00862],[@B41-materials-10-00862],[@B78-materials-10-00862]\]. Therefore, Mott physics is expected not to be the dominant mechanism responsible for the MIT. Instead, the large amount of atomic disorder should play a major role here. Combined with the fact that the low temperature transport data of insulating samples could be well fitted with a variable-range hopping model, it is plausible to conclude that rocksalt GST is an Anderson insulator \[[@B12-materials-10-00862],[@B13-materials-10-00862]\]. Other vacancy-rich GeSbTe samples, including Ge~2~Sb~2~Te~5~, Ge~3~Sb~2~Te~6~, and Ge~1~Sb~4~Te~7~ hold the same transport features \[[@B12-materials-10-00862]\].

As discussed above, the intra-grain atomic disorder in GST includes (a) the very high concentration of atomic vacancies; (b) the statistical distribution of Ge, Sb and atomic vacancies on the cation-like sublattice; (c) non-negligible atomic displacements away from the ideal rocksalt lattice sites; and (d) some small amount of other defects, such as excess vacancies, anti-site defects, etc. From experiments, it is very difficult to disentangle the contributions of these defects, and capture the form of disorder that is mainly responsible for Anderson localization. In Ref. \[[@B15-materials-10-00862]\], W. Zhang et al. performed large-scale DFT simulations to access the electronic structure and the role of disorder in crystalline GST. In [Figure 5](#materials-10-00862-f005){ref-type="fig"}a, an orthorhombic supercell of rocksalt GST is shown, in which the atomic vacancies, Ge and Sb atoms were placed randomly. The z direction of the supercell is parallel to the \[111\] crystallographic orientation of rocksalt GST, and the cation-like and anion-like sublattices are well separated along the z direction. The model contained 1008 atoms, and the shortest cell parameter was over 25 Å, which, as we shall see, is significantly larger than the typical localization length. Upon geometry optimization, atoms deviated from the ideal lattice sites with an average displacement value close to 0.2 Å, in line with previous findings \[[@B45-materials-10-00862],[@B65-materials-10-00862]\].

The Kohn--Sham eigenstates close to the Fermi level were analyzed, and a key parameter that characterizes the degree of localization, the Inverse Participation Ratio (IPR), was computed for these electronic states. Finite IPRs indicate that the electronic states are localized, while the IPRs of extended states are close to zero for sufficiently large system sizes. For models with \~1000 atoms, the IPRs of extended states are of the order of 10^−3^, and such value should fully vanish when the system becomes infinitely large. In [Figure 5](#materials-10-00862-f005){ref-type="fig"}b, the IPRs of the electronic states of disordered rocksalt GST at the Fermi level are an order of magnitude larger than 10^−3^, revealing them to be localized states. These IPRs correspond to a group of \~25--60 atoms, giving a localization length \~10 Å, in line with that obtained from transport experiments. The highest occupied molecular orbital (HOMO) state of the most disordered rocksalt GST is plotted in [Figure 5](#materials-10-00862-f005){ref-type="fig"}a. The electron wave function is found to be very well localized in the upper side of the model (blue spheres). A detailed structural analysis showed that the concentration of atomic vacancies in this region was quite high, almost twice larger than the average value. The atomic vacancies are highlighted with bigger red balls in [Figure 5](#materials-10-00862-f005){ref-type="fig"}e. The higher vacancy concentration in this region corresponds to several Te atoms with 2--4 vacant neighbors, and was denoted as "vacancy cluster" in Ref. \[[@B15-materials-10-00862]\]. It needs to be stressed that "vacancy clusters" are not voids, as many atoms are present inside this region. To verify this claim, a rocksalt GST model with a manually arranged "vacancy cluster" was generated and computed, and the electron wave function of the HOMO state appeared in this vacancy-rich region as expected. A thorough analysis of the local density of states (LDOS) of Te atoms according to their nearest-neighbor configuration further confirmed the essential role of atomic vacancies in localizing electrons. As shown in [Figure 5](#materials-10-00862-f005){ref-type="fig"}d, a pronounced increase of LDOS as a function of the nearest-neighbor vacant sites *n*~Vac~ of Te atoms can be observed. It is noted that this analysis was carried out on unrelaxed structures of rocksalt GST (up to 4096 lattice sites, 16 × 16 × 16 supercell \~5 × 5 × 5 nm^3^). Relaxed models show similar trends. Therefore, we can conclude that atomic displacements are not important to the electron localization in GST.

As to be discussed below, compositional disorder alone cannot induce any electron localization either. Excess vacancies were shown to shift the Fermi level towards lower energy of the valence band, but not away from the localization region. A precise determination of the mobility edge separating localized from extended states is challenging, as the localization length diverges at the transition point. Recently, small fractions of antisite defects, yielding some Te--Te and Ge(Sb)--Ge(Sb) homopolar bonds, were found in recrystallized Ge~2~Sb~2~Te~5~ obtained by DFT-based molecular dynamics (DFMD) simulations \[[@B79-materials-10-00862],[@B80-materials-10-00862],[@B81-materials-10-00862],[@B82-materials-10-00862],[@B83-materials-10-00862],[@B84-materials-10-00862]\]. A thorough understanding of the effects of antisite defects on the localization properties is anticipated, nevertheless, in a recent study on pressuring rocksalt Ge~1~Sb~2~Te~4~ at elevated temperatures, pairwise antisites were found but were shown to be ineffective for the localization properties of the occupied electronic states at the Fermi level \[[@B85-materials-10-00862]\]. To conclude, the presence and random distribution of a high amount of atomic vacancies in crystalline GST would unavoidably result in the formation of "vacancy clusters", giving rise to the localization of electrons in crystalline GST. Spin--orbit coupling (SOC) effects are shown to be significant in crystalline GST \[[@B86-materials-10-00862],[@B87-materials-10-00862],[@B88-materials-10-00862],[@B89-materials-10-00862],[@B90-materials-10-00862],[@B91-materials-10-00862]\], while they do not alter the localization properties discussed above \[[@B16-materials-10-00862]\].

2.3. Disorder-Driven Metal--Insulator Transition {#sec2dot3-materials-10-00862}
------------------------------------------------

After elucidating the essential role of vacancies in inducing electron localization, it is important to investigate the evolution of vacancies and its effects on the electronic structure of GST. The transport experiments in Ref. \[[@B12-materials-10-00862]\] showed a clear sign change of the TCR slope and a finite resistivity value near zero K for the GST samples annealed at 300 °C and above, suggesting a MIT. Comprehensive materials modeling and DFT simulations have shed light onto the underlying mechanism of this MIT \[[@B15-materials-10-00862]\]. For the initial rocksalt GST, all the cation-like layers contained 25% Ge, 50% Sb and 25% vacancies. To enable a gradual structural change to hexagonal GST with van der Waals gaps (we refer to these gaps as "vacancy layers" starting from now on), 3 out of 12 cation-like layers in rocksalt GST were selected, and were made vacancy-rich gradually, starting from 25% until 100% (this percentage is denoted with *l*~Vac~). The total number of atoms for all the models is the same, thereby the increase in atomic vacancies in the selected cation-like layers corresponds to a decrease in vacancies in the other cation-like layers. The corresponding total energy of the relaxed models is plotted as a function of *l*~Vac~, see [Figure 6](#materials-10-00862-f006){ref-type="fig"}a. A gradual reduction of the total energy suggests this vacancy ordering process to be a reasonable path for the structural evolution upon thermal annealing. When *l*~Vac~ reaches a certain value, between 60% and 70%, the hexagonal stacking sequence becomes energetically more favorable, suggesting that a cubic--hexagonal structural (cub--hex) transition would occur. Upon further vacancy ordering *l*~Vac~ \> 87%, a MIT is triggered. As shown in [Figure 5](#materials-10-00862-f005){ref-type="fig"}b, the IPRs of hexagonal GST with *l*~Vac~ = 100% decreased down to \~10^−3^, indicating extended states. The HOMO state of hexagonal GST without any disorder is shown in [Figure 5](#materials-10-00862-f005){ref-type="fig"}c, and the electron wave function spreads over the whole space. It is noted that chemical Ge/Sb disorder alone on the cation-like layers could not alter the delocalized nature of electrons, once the atomic vacancies are fully ordered into layers. Several snapshots of the GST models with different *l*~Vac~ are shown in [Figure 6](#materials-10-00862-f006){ref-type="fig"}c--e. For the sake of clarity, only part of the models and one "vacancy layer" are displayed. In summary, the ordering of atomic vacancies firstly triggers a structural transition and then a MIT. The two processes can be well separated.

The predicted vacancy ordering process was demonstrated by ex-situ STEM experiments. In Ref. \[[@B42-materials-10-00862]\], STEM experiments were performed on sputtered Ge~2~Sb~2~Te~5~ samples annealed at 150 °C, 160 °C and 180 °C, and the corresponding HAADF images were presented in [Figure 7](#materials-10-00862-f007){ref-type="fig"}a. Initially, atomic vacancies distributed randomly, while upon thermal annealing, some long and dark patches formed along the \[111\] crystallographic orientation of the rocksalt phase. A color-scheme normalized map of the HAADF images with only the cation-like sites was developed to give a better view of this process. For the sample annealed at 150 °C for 2 min, the concentration of atomic vacancies fluctuated from column to column, and some vacancy-rich columns could be found. For the samples annealed at 160 °C and 180 °C for 30 min, more and more vacancy-rich columns were formed and connected. At this early stage of the vacancy ordering process, all the samples remained insulating. The exposure to electron beam is unavoidable in STEM experiments; nevertheless, it was shown that electron beam irradiation within limited data collection time could not induce any structural change in Reference \[[@B37-materials-10-00862]\]. A. Lotnyk et al. also reported \[[@B92-materials-10-00862]\] that the movement of a vacancy-rich layer was detected under focused electron beam, as shown in [Figure 7](#materials-10-00862-f007){ref-type="fig"}b.

2.4. Metal--Insulator Transition without Cub--Hex Structural Transition {#sec2dot4-materials-10-00862}
-----------------------------------------------------------------------

Although it is already clear from the above transport experiments and DFT simulations that the cub--hex structural transition does not play a crucial role in inducing the MIT observed in crystalline GST, we can still wonder if it is possible to further disentangle these two transitions. The answer is yes. From some early DFT simulations, an ordered cubic structure with complete "vacancy layers" was proposed by S.-M. Sun et al. \[[@B70-materials-10-00862]\] and J. Da Silva et al. \[[@B71-materials-10-00862]\], as the ordered cubic phase was found to be energetically more favorable than the disordered rocksalt phase through DFT simulations. From [Figure 6](#materials-10-00862-f006){ref-type="fig"}a, one can see that the ordered cubic GST (with Ge/Sb disorder) is about 55 meV/atom lower in energy than the disordered rocksalt GST. In fact, such model is energetically comparable to hexagonal GST (with Ge/Sb disorder), as the energy difference is only about 5 meV/atom. Such small energy difference suggests that this ordered cubic phase might be produced experimentally. Very recently, several groups reported the existence of ordered cubic GST in experiments, which were obtained by molecular beam epitaxy (MBE) \[[@B93-materials-10-00862]\], pulsed laser deposition \[[@B94-materials-10-00862],[@B95-materials-10-00862]\], or by the application of a designed electric current \[[@B96-materials-10-00862]\].

The major difference between ordered cubic and hexagonal phase is the stacking sequence. We take Ge~2~Sb~2~Te~5~ as example. The sequence of Te layers in hexagonal Ge~2~Sb~2~Te~5~ is --ABCBC--, while that of ordered cubic phase is --ABCABCABCABC--, as marked in [Figure 8](#materials-10-00862-f008){ref-type="fig"}a,b. V. Bragaglia et al. \[[@B93-materials-10-00862]\] produced cubic Ge~2~Sb~2~Te~5~ using MBE, but some unconventional peaks in XRD patterns were consistently detected. In comparison with XRD pattern simulations of ordered cubic models ([Figure 8](#materials-10-00862-f008){ref-type="fig"}c), these peaks were identified to be vacancy layer peaks (VLp). STEM experiments provided more direct evidence on the ordered cubic phase. The red and cyan dashed lines in the HAADF image (see [Figure 8](#materials-10-00862-f008){ref-type="fig"}c) marked out the cubic and hexagonal stacking of GST, proving the co-existence of the two phases in the MBE-grown samples. The low-temperature transport data showed that the MBE samples were metallic ([Figure 8](#materials-10-00862-f008){ref-type="fig"}d), the same as the hexagonal phase. DFT simulations on ordered cubic GST also revealed that the electronic states near the Fermi level were completely delocalized ([Figure 5](#materials-10-00862-f005){ref-type="fig"}b and [Figure 8](#materials-10-00862-f008){ref-type="fig"}e), giving rise to the observed metallic behavior \[[@B15-materials-10-00862]\]. This extended nature is the same as that in the hexagonal phase ([Figure 8](#materials-10-00862-f008){ref-type="fig"}f). It is noted that in both models, the Ge/Sb on cation-like layers were considered, and were shown to be ineffective to the electronic structure. Now, we can safely conclude that the MIT in crystalline GST is purely electronically driven, and the crystallographic structural transition is irrelevant for the MIT.

3. Conclusions {#sec3-materials-10-00862}
==============

To conclude, we have provided a comprehensive overview of Anderson localization of electrons and disorder-driven metal--insulator transitions in a technologically-important material, the Ge~1~Sb~2~Te~4~ phase change material. The existence of strong atomic disorder has been unequivocally demonstrated by element-resolved atomic structure imaging experiments \[[@B42-materials-10-00862]\], DFT simulations and quantum chemistry bonding analysis \[[@B45-materials-10-00862]\]. Electron localization due to strong disorder has been clearly identified by low-temperature transport experiments \[[@B12-materials-10-00862],[@B13-materials-10-00862]\], and its origin has been revealed by DFT simulations. These simulations showed that the fluctuations in the distribution of atomic vacancies and the consequent formation of "vacancy clusters" lead to the localization of electrons near the Fermi level \[[@B15-materials-10-00862]\]. Upon thermal annealing, "vacancy clusters" dissolve and atomic vacancies diffuse into specific cation-like layers, forming "vacancy layers". This vacancy ordering process firstly leads to a structural transition from the metastable cubic rocksalt phase to the stable hexagonal phase, and then triggers a metal--insulator transition, prior to the complete formation of "vacancy layers". For such models, the electronic states near the Fermi level become fully extended \[[@B12-materials-10-00862],[@B15-materials-10-00862]\]. Cubic GST samples with ordered "vacancy layers" have been produced experimentally very recently \[[@B93-materials-10-00862],[@B94-materials-10-00862],[@B95-materials-10-00862]\] and measured to be metallic \[[@B93-materials-10-00862],[@B96-materials-10-00862]\], which confirms the DFT predictions in Ref. \[[@B15-materials-10-00862]\]. The metal--insulator transition between disordered and ordered GST proves that this transition is purely electronically-driven, and is distinct from ordinary crystallographic transitions. It is worth mentioning that another type of disorder-induced MIT was reported in phase change nanowires, where non-local disorder, such as dislocations and antiphase boundaries, were found to play a dominant role \[[@B97-materials-10-00862],[@B98-materials-10-00862]\]. The accumulation of these defects was driven by electric wind force, which eventually led to amorphization. Metal--insulator transitions were found along this non-thermal phase transition path \[[@B97-materials-10-00862],[@B98-materials-10-00862]\].

To enable multi-level data storage in phase change memory, the conventional route is to engineer the amorphous--crystalline volume ratio of memory cells \[[@B19-materials-10-00862],[@B20-materials-10-00862]\] to achieve distinguishable multi-level resistance states. However, such route suffers from the resistance drift issue of the amorphous part, which stems from the intrinsic aging property of the materials \[[@B99-materials-10-00862],[@B100-materials-10-00862],[@B101-materials-10-00862],[@B102-materials-10-00862],[@B103-materials-10-00862],[@B104-materials-10-00862]\]. In addition, when the size of phase change memory devices is scaled down to few nanometers \[[@B105-materials-10-00862],[@B106-materials-10-00862]\], such volume ratio strategy is no longer feasible to support many intermediate resistance states. Disorder control, in particular in crystalline GST, provides an alternative way to enable multi-level data storage \[[@B12-materials-10-00862],[@B15-materials-10-00862]\]. The current studies show a successive vacancy ordering process within crystalline GeSbTe compounds upon thermal annealing \[[@B42-materials-10-00862]\], while since the annealing temperature is low \~150--300 °C, the annealing time is thus very long \~few min. Much faster switching speed is of necessity for practical applications. Up to date, it is unclear how fast the vacancy ordering process can occur at very high temperature \~400--500 °C, corresponding to very high electrical pulses in devices. Nevertheless, DFT simulations already give some positive hints. It was predicted that the barrier of interlayer vacancy diffusion in GST crystals is not very high \~0.8--1.0 eV, and several such vacancy diffusion events were found in very short time scale \~50 picoseconds at 500 °C \[[@B17-materials-10-00862],[@B42-materials-10-00862]\]. This transition barrier can be further reduced by pressure \[[@B85-materials-10-00862]\]. It is highly desirable to thoroughly test the vacancy ordering speed within the crystalline states in nanoscale phase change devices.

Owing to the importance of disorder control in GST from both the application and fundamental research perspectives, this subfield is under very active investigation. In addition to thermal annealing, pressure \[[@B85-materials-10-00862],[@B107-materials-10-00862],[@B108-materials-10-00862],[@B109-materials-10-00862],[@B110-materials-10-00862],[@B111-materials-10-00862]\], strain \[[@B112-materials-10-00862],[@B113-materials-10-00862]\], chemical composition \[[@B14-materials-10-00862],[@B16-materials-10-00862]\], ion bombardment \[[@B114-materials-10-00862]\], focused electron beam irradiation \[[@B92-materials-10-00862]\], electric field \[[@B115-materials-10-00862],[@B116-materials-10-00862]\], voltage pulses \[[@B117-materials-10-00862],[@B118-materials-10-00862],[@B119-materials-10-00862]\], laser and photonic excitation \[[@B120-materials-10-00862],[@B121-materials-10-00862]\], and interface template \[[@B93-materials-10-00862],[@B122-materials-10-00862],[@B123-materials-10-00862]\] are shown to be effective approaches in tuning disorder in GST and related compounds. It is also worth mentioning that the remaining disorder in ultrathin hexagonal GST films \~7--14 nm would result in a weak anti-localization phenomenon. The disorder includes stacking faults, bi-layer defects and chemical disorder, etc., \[[@B66-materials-10-00862],[@B124-materials-10-00862]\] however, the role of these defects in affecting the transport properties is still unclear, which deserves further investigations \[[@B125-materials-10-00862]\].

Before closing, we note that, very recently, clear evidence for Anderson localization of electrons due to strong disorder has also been observed in other chalcogenide compounds, such as ultrathin (Bi~1−*x*~Sb*~x~*)~2~Te~3~ films \[[@B126-materials-10-00862]\] and Li*~x~*Fe~7~Se~8~ bulk single crystals \[[@B127-materials-10-00862]\]. We can foresee more and more crystalline compounds with strong disorder and weak electron correlation to be identified, which shall further elucidate the role of disorder in tailoring the electrical transport properties of crystalline solids. We believe that these crystalline solids with tunable electrical properties controlled by atomic disorder will lead to the design of novel electronic devices for various applications.
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![Cubic rocksalt structures of (**a**) Ge~1~Sb~2~Te~4~ and (**c**) Ge~2~Sb~2~Te~4~. Atomic vacancies, Ge, Sb and Te atoms are rendered with hollow circles, grey, yellow and green spheres, respectively. The crystal orbital Hamilton population (COHP) bonding analyses of Ge~1~Sb~2~Te~4~ and Ge~2~Sb~2~Te~4~ are shown in (**b**,**d**), where the negative values (of --COHP) represent antibonding interactions (left side), while positive values represent bonding ones (right side). The Ge--Te and Sb--Te contacts are shown in blue and red, respectively. Adapted with permission from Reference \[[@B45-materials-10-00862]\] © 2007 Nature Publishing Group.](materials-10-00862-g001){#materials-10-00862-f001}

![(**a**) The high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of Ge~2~Sb~2~Te~5~ along the \[001\], \[111\], \[110\], and \[211\] crystallographic orientations. Insert in the bottom right corner of each image is the arrangement obtained from the ideal atomic model. Yellow color indicates that the atomic column includes both cation-like and anion-like atoms, while pink and green indicate the cation-like and anion-like sublattices, respectively. (**b**,**c**) The EDX chemical mappings of rocksalt Ge~2~Sb~2~Te~5~ along the \[110\] direction with Ge, Sb and Te being marked in red, blue and green, respectively. The mixture of these mappings is also shown. (**b**,**c**) Are taken from the different parts of the same sample. Adapted with permission from Reference \[[@B42-materials-10-00862]\]. © 2016 American Institute of Physics.](materials-10-00862-g002){#materials-10-00862-f002}

![(**a**) The atomic model of hexagonal Ge~1~Sb~2~Te~4~. Chemical disorder is included for the cationic-like layers. Ge, Sb and Te atoms are rendered with grey, yellow and green spheres, respectively; (**b**) The HAADF-STEM image of hexagonal Ge~1~Sb~2~Te~4~, which was obtained by annealing a molecular beam epitaxy (MBE) grown sample at 400 °C for 30 min; (**c**) The HAADF-STEM images of hexagonal Ge~1~Sb~2~Te~4~, which was produced by metal organic vapor phase epitaxy (MOVPE) method with a growth temperature above 400 °C. The brighter dots indicate Te atomic columns, whereas darker dots are Ge/Sb atomic columns. Adapted with permission from References \[[@B66-materials-10-00862],[@B67-materials-10-00862]\] © 2015 The Royal Society of Chemistry; 2016 Elsevier Ltd.](materials-10-00862-g003){#materials-10-00862-f003}

![(**a**) Temperature dependence of the sheet resistance measured in a 100-nm-thick Ge~1~Sb~2~Te~4~ film. The samples were heated up quickly and annealed at different temperatures for 30 min, then were cooled down to room temperature; (**b**) Low-temperature transport measurement of Ge~1~Sb~2~Te~4~ thin films. The lowest temperature reached 5 K. Different colors of curves in (**b**) represent eight samples annealed in the range between 150 °C and 325 °C. Adapted with permission from Reference \[[@B12-materials-10-00862]\] © 2011 Nature Publishing Group.](materials-10-00862-g004){#materials-10-00862-f004}

![(**a**,**c**) Are the charge density distributions of the electron wave functions (blue spheres) of the disordered rocksalt Ge~1~Sb~2~Te~4~ (Cub-25%) and the perfect hexagonal Ge~1~Sb~2~Te~4~ (Hex-100%-*d*) at the Fermi level, i.e., the highest occupied molecular orbital (HOMO) states. Ge, Sb and Te atoms are rendered with grey, yellow and green spheres, respectively; (**b**) Inverse participation ratio (IPR) curves for several rocksalt and hexagonal Ge~1~Sb~2~Te~4~ models with different degree of disorder; (**d**) The local density of p states (LDOS) of the Te atoms, which are categorized according to the number of the nearest-neighbor vacant sites *n*~Vac~ (inset) with different colors. The average LDOS of each *n*~Vac~ group is shown as a thick line in the corresponding color. The atomic vacancies in (a) are highlighted with big red balls and are shown in (**e**). The yellow circle marks a vacancy cluster. (**f**) The highest occupied molecular orbital (HOMO) state of a rocksalt Ge~1~Sb~2~Te~4~ model with a manually created vacancy cluster, which clearly localizes the electron wave functions. Adapted with permission from Reference \[[@B15-materials-10-00862]\] © 2012 Nature Publishing Group.](materials-10-00862-g005){#materials-10-00862-f005}

![(**a**) The energy trend of Ge~1~Sb~2~Te~4~ with the reduction of disorder and the formation of vacancy layers. The atomic vacancies migrate from cation-like layers to some specific cation-like layers (3 out of 24 atomic layers in a rocksalt Ge~1~Sb~2~Te~4~ supercell model). The vacancy concentration on these layers increases from 25 to 100%. The red point at 100% in the cubic region indicates the ordered cubic phase with fully formed "vacancy layers". Chemical Ge/Sb disorder on the cation-like layers is included; (**b**--**e**) The atomic structure of cubic and hexagonal GST models: (**b**) Cub-25% (**c**) Cub-50% (**d**) Hex-75% (**e**) Hex-100%-*d.* The four hexagonal models differ in the degree of chemical Ge/Sb disorder on the cation-like layers. Small red spheres indicate vacancies. Only parts of full models are shown, for the sake of clarity. Adapted with permission from Reference \[[@B15-materials-10-00862]\] © 2012 Nature Publishing Group.](materials-10-00862-g006){#materials-10-00862-f006}

![(**a**) The HAADF-STEM images of rocksalt Ge~2~Sb~2~Te~5~ annealed at 150 °C for 2 min (i--iii), 160 °C for 30 min (iv--vi), and 180 °C for 30 min (vii--ix). The zoom-in views and the corresponding normalization maps (only the cation-like atomic columns were considered) of the boxed regions in (i), (iv) and (vii) are shown in (ii--iii), (v--vi) and (viii--ix), respectively; (**b**) The MAADF-STEM images of rocksalt Ge~2~Sb~2~Te~5~ under focused electron beam irradiation. The movement of a vacancy-rich cation-like layer was observed and was marked by the arrows in (i) and (ii). Adapted with permission from References \[[@B42-materials-10-00862],[@B92-materials-10-00862]\]. © 2016 American Institute of Physics; 2016 Elsevier Ltd.](materials-10-00862-g007){#materials-10-00862-f007}

![(**a**,**b**) The atomic structure of hexagonal and ordered cubic Ge~2~Sb~2~Te~5~. The stacking sequence of Te layers is labelled with A, B and C; (**c**) The XRD curve and HAADF-STEM image of ordered cubic Ge~2~Sb~2~Te~5~ grown by MBE method. "Vacancy layers" (VLs) appear every 7--9 atomic layers, marked by dashed green lines. The cubic and hexagonal stacking coexists in this MBE grown sample, boxed by red and cyan dashed lines; (**d**) Resistivity as a function of temperature for epitaxial and sputtered GST samples. Empty and filled squares denote the disordered rocksalt phase and ordered cubic phase, while triangles denote the hexagonal phase; (**e**,**f**) Are snapshots of the HOMO state of the ordered cubic and hexagonal GST. Chemical disorder Ge/Sb on the cation-like layers is included for both models. Adapted with permission from References \[[@B12-materials-10-00862],[@B15-materials-10-00862],[@B71-materials-10-00862],[@B93-materials-10-00862]\] © 2008 American Physical Society; 2011, 2012, 2016 Nature Publishing Group.](materials-10-00862-g008){#materials-10-00862-f008}
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